A large dataset of high-resolution photographic images of far wakes of a volunteer observing ship (Royal Caribbean's Explorer of the Seas) has been acquired under various meteorological conditions and ship operation modes. This work presents the description of instrumentation and methodology and the results of the experiment. We have analyzed environmental and ship-operation factors that affect appearance and geometric properties of ship wakes in photographic and satellite-based radar images. The photo imagery reveals an asymmetry of the wake depending on wind direction relative to the ship course. In addition, a good agreement between the averaged shape of the wakes measured from the photographic images and a few available satellite-based radar images of the wake of the same ship has been found. Combination of remote and in-situ measurements of ship wakes is essential in creating more detailed models of the ship wakes attuned to remote sensing techniques.
Introduction
The motivation to the studies of far wakes of ships originates from the problem of remote (air-and satellite-based) ship detection and monitoring. The length of a ship wake can sometimes reach tens of kilometers, thus presenting significant additional opportunities for ship detection. After far wakes of ships were discovered in the first radar images of the NASA SeaSat satellite launched in 1978 (Fu and Holt 1982) , several methods of data analysis aimed at ship-detection techniques were developed (see, e.g., Eldhuset 1996; Greidanus and Kourti 2006) . A variety of topics are associated with the problem of ship detection, including ship hydrodynamics, theory of surface films, scattering theory, radar imaging, and image processing and pattern recognition (see, e.g., Hyman 2000; Reed and Milgram 2002; Crisp 2004; Soomere 2007; Soloviev et al. 2008 , and references therein).
Optical imaging of ship wakes has also been an important experimental tool in studying different features of ship wakes (see, e.g., Brown et al. 1989; Zheng et al. 2001; Munk et al. 1987) .
Recent advances in satellite-based imaging technology has given rise to higher-resolution images where fine features of wakes are detectable and measurable . Among new opportunities is the possibility of determining wake boundaries with reasonable precision. The quantitative characteristics of the wake shape may give us insight into the ship dynamics and thus provide valuable additional information about the observed ships (see also Zilman 2004) .
Previous studies of far ship wakes rarely took into account environmental conditions and ship metrics. Yet, these parameters are important for the wake visibility and characteristics (see, e.g., Benilov et al. 2001) , and a proper account of environmental conditions can improve our understanding of this phenomenon. It is well-known, for example, that the higher the wind speed and sea state, the larger the image clutter that may obscure the ship wake (Vachon 2006 This work presents the methodology of data collection, the strategies of the analysis of the acquired dataset, and the results of the experiment. The Instrumentation section provides information about the setup of the experiment. Two subsequent sections present data on wake asymmetry and wake shape. The analysis of the ship-based measurements is given in the Discussion section in conjunction with available SAR images of the wake from the same ship. Appendix 1 provides additional statistical information for the study of wake asymmetry, while Appendix 2 presents formulas used for the calculation of wake shape.
Instrumentation
An astern-looking digital camera with a telephoto lens was installed on the top of the Royal Caribbean Explorer of the Seas (Figs. 1 and 2 ). The purpose of this camera was to obtain high-resolution images of the ship's wake (see example in Fig. 3 ) during an approximately 1-year period.
Explorer of the Seas is a large cruise ship (length 311 m, draught 11.7 m, 38.6 m master beam, and 74.6 kW total engine power provided by 6 engines upon 3 screws). During this experiment, the ship was sailing from Miami and New Jersey to the Caribbean, Bermuda
Islands, New England, and Eastern Canada.
A typical length of an Explorer of the Seas cruise is from 5 to 9 days. The camera was programmed to take images every 20 minutes. With this frequency, an 8 GB memory card allows for the storing of images for the full cruise. The images made during nighttime, heavy rain, or other unusable images (e.g., taken in ports) were sorted out manually. The camera also includes a WT-3A Wireless Transmitter, which enables direct, cable-free image transfer to a lab computer (installed in the Meteorological Laboratory).
For the first half of the year, the camera was installed in portrait orientation; it turned out however that in many cases, the wake did not fit into the narrow field of view of the lens (9 deg diagonal). This paper uses the results from the second half of the year where camera orientation was changed to the landscape one.
UM RSMAS maintains oceanographic and meteorological laboratories on the Explorer of the Seas. In addition to the photo images of the ship wake, the information collected from
Explorer of the Seas is as follows:
-Ship speed, direction, and geographical coordinates.
-Hydro-meteorological conditions: wind speed and direction, surface-wave directional spectrum (from WaMoS radar), current velocity, water temperature and salinity, air temperature and humidity, radiometric SST, atmospheric pressure, and short-and long-wave radiation;
-Fluorescence (a proxy for chlorophyll concentration).
The Explorer's telemetry and meteorological data are recorded with 10 second intervals.
Wake asymmetry
The data about wake asymmetry was obtained by reviewing photographic images of the wakes in the period from 09 June 2007 until 16 November 2007. The dataset was split into the following categories:
• "L-wakes" -only the left wake boundary is sharp; the right is unclear (and/or much shorter than the right);
• "R-wakes" -only the right wake boundary is sharp; the left is unclear (and/or much shorter than the left);
• "B-wakes" -both sides of the wake are sharp and have comparable lengths;
• "N-wakes" -neither left nor right wake boundary is sharp.
Important remark. The "left" and "right" sides for our wake asymmetry study are always taken with respect to the camera look direction. As the camera is looking astern of the ship, "left" side of the wake on the image corresponds to the starboard side of the ship; "right", to the port side. For example, the wake shown in Fig. 3 is an L-wake.
The correlation between wake asymmetry and wind direction relative to the ship has been studied. The frequency of L-and R-wakes is found to be strongly correlated to the wind direction relative to the ship course. The plots in Fig. 4c, d show that if only one boundary of the wake is sharp, it is more often the leeward (downwind) boundary than the opposite (Soloviev et al. 2008) . More detail about the analysis could be found in the Appendix 1.
Th is asymmetry effect seems to be also sensitive to the wind speed: for the wind speeds above 15 kt, the above correlation persists, and the number of B-wakes drops dramatically (see Appendix 1 for data).
Note that the ship wake asymmetry with respect to the wind-wake angle has also been observed in synthetic aperture radar (SAR) satellite images obtained in high-resolution mode (Lyden et al. 1988 , Wahl et al. 1992 . The asymmetry in SAR images often has a form of "a bright edge on the upwind side" of the dark wake and is explained by the hydrodynamic modulation of short surface waves at the wake's edges (Lyden et al. 1988 , Fujimura et al. 2010 .
Wake shape
As a characteristic of the wake shape, the wake width W as a function of distance to camera L is taken. The procedure used to determine these parameters from photographic images is described in Appendix 2.
The left panel of shows average width (with confidence interval of ±2σ) versus distance from the ship for three cases: 'all measured wakes', 'wind along the wake', and 'wind across the wake'. The data show that in the 'wind along the wake' case, the wake is slightly narrower than that in the 'wind across the wake' case. This can be explained by the effect of wind-wake interaction, which results not only in the ship wake asymmetry (discussed in the previous section), but also in the wake widening when the wind stress acts across the wake.
It is worthwhile pointing out that for the measurement of the ship wake width from a photo image, both wake boundaries should be visible. However, when wake asymmetry is strong, the contrast of the upwind boundary may be insufficient for the reliable detection and positioning of the upwind boundary in a photo image. Th is might be one of the reasons of a large scatter in the wake shape data.
More information on the environmental and ship operation conditions and the "measurability" of the wakes in optical images can be found in Appendix 1.
Discussion
For the empirical scaling of the dependence of wake width on the distance from the ship,
the value of q characterizes the rate of spatial expansion of the wake. This rate has been a subject of multiple studies; however, the value of the exponent q in (1) varies from one case to another. For example, in the experiments involving measurements of surface tension in the wakes of surface ships (Peltzer et al. 1992) , these values are between 1/6 and 1/3. The field measurements of the concentration of chemicals released in the ship wake (Katz et al. 2003) In Fig. 6 , two extra segments of dashed lines show that in the present study, the results are better described by the value of q=1/3. The spread in the results of wake expansion rate measurements may originate from several sources. First, wake shape may be affected by differences in meteorological and ship operating conditions and ship hull types (see also Appendix 1). Second, the wake visible in photographic images (this study) does not necessarily coincide with that revealed by measurements of other parameters (see works referenced in the preceding paragraph). Besides that, the procedure of wake measurement used in our study (as described in Appendix 2) is manual and hence subject to variation of human perception of images.
It is instructive to compare the shape of the wakes in photographs taken from the ship and in satellite SAR imagery. Fig. 7 (with clips shown in Figs. 8 and 9) presents two SAR images of the wake of the Explorer of the Seas obtained from RADARSAT 1 satellite.
The big bright speckle is the Explorer of the Seas. The centerline wake appears as a dark scar due to the suppression of roughness by the wake currents and surface films (Reed and Milgram 2002) .
The SAR image shown in Fig. 7a and Fig. 8 is a 'wind along the wake' case, while the SAR image shown in Fig. 7b and Fig. 9 is a 'wind across the wake' case. The pairs of white dots in Figs. 8 and 9 are superimposed on the image at the positions corresponding to the averaged experimental values of (W, L) pairs from Fig. 6 (the 'wind along the wake' and 'wind across the wake' curves for Figs. 8 and 9, respectively). While these two cases represent different ship speeds and relative wind directions, the shape of both wakes in radar images is remarkably close to the averaged shape measured from photographic images.
Conclusion
Th is work presents the experimental methodology aimed at studying ship wakes from photographic imagery. The approaches proved to be effective in establishing the links between the geometric properties of the wake and the wind speed and direction. There is a good agreement between the averaged shape of the wakes measured from the photographic images and a few available satellite-based radar images of the wake of the same ship. Combination of remote and in-situ measurements of ship wakes is essential in creating more detailed models of the ship wakes attuned to remote sensing techniques.
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were very helpful to outline the recent status of the ship wake problem. Katherine Moore and Kathryn Young (both NSU OC students at the time of the experiment) have provided significant technical help with installation of the camera and data processing including the wake measurements. We acknowledge the UM RSMAS and the Royal Caribbean
International for accommodating our experiment on the Explorer of the Seas. We thank 
Appendix 1. Statistics of the visibility of wake boundaries
In the dataset under consideration, there are 648 "L-wakes', 311 "R-wakes", and 465 "Bwakes" (out of total 2588). The reason for dominance of "L" wakes over "R" wakes is not clear; one possible reason is the asymmetry of the Explorer of the Seas' propulsion system (3 screws); another is the prevailing wind patterns and navigational routes:
according to a diagram in Fig. 10 (lower panel) , the ship more often experienced winds from the port side of the ship (1587 cases conductive for L-wakes vs. 1001 for R-wakes).
Figs. 10 and 11 provide the complete statistics for the wake asymmetry with respect to the relative wind direction for the entire experiment and for the subset where wind speed exceeds 15 kt, respectively. To obtain the plots in Fig. 4c and d , the values in the top two panels of Fig. 10 have been "divided" (normalized) by that in bottom panel of Fig. 10 .
Arguably, optical visibility of wake, and of wake boundary in particular, may be reduced or enhanced by illumination conditions, of which the relative position of sun seems to be the most important. However, from the histograms in Fig. 12 , no correlation between wake asymmetry and sun position relative to ship heading could be seen. An example where the effect of visibility is important is shown in Fig. 13 . As it was explained in the "Wake shape" section, our ability to measure the wake shape by the procedure illustrated by Fig. 14 depends on the visibility (i.e., visual contrast) of the wake boundaries. It turns out that for winds abreast the ship, it is possible to measure the wakes in less than 5% of images, whereas for the following winds, this proportion exceeds 20%. The explanation of this phenomenon is beyond the scope of this publication; it is only necessary to say here that the lack of a strong asymmetry in the relative frequency plot (Fig. 13, right) is another argument supporting the statement that the asymmetry in Figs. 4 and 10 is not due to illumination factors.
Appendix 2. Measurements of wake dimensions
The dimensions of the wake were measured from their photographic images. In our procedure, ten lines parallel to the horizon were drawn on the image below the manually detected horizon line (see Fig. 14) . The intersection of each of these lines with the wake boundaries (also manually detected) defines an interval that is used to obtain the distance from camera to this line on the scene L and width of the wake W . For each interval, two angles were calculated: distance to the horizon line α and width β . In the image, all distances are measured in pixels; the calculations of α and β also involve physical dimensions of the CCD matrix and the field-of-view angle of the lens.
To obtain the values of L and W , the following values are also needed: height of camera position H, earth radius R, and line-of-sight curvature ρ due to atmospheric refraction. The following derivation of formulas for L and W is straightforward, though expressions are bulky; similar formulas could be found in Kinzey and Gerrodette 2003, and references therein.
In absence of atmospheric refraction, the lines of sight are straight (see Fig. 15 ). The Earth surface is a sphere described by the equation 
The lowest of two roots of this quadratic equation gives L .
In presence of atmospheric refraction, the lines of sight are circles with some radius ρ (see Fig. 16 ), their equations given in adapted coordinate frame (cf. (5) The value of L is again the lowest of two roots of this quadratic equation, with coefficients depending on T α . The calculation T α involves θ , which can be defined now as the dip of the line-of-sight tangent to the Earth surface (see Fig. 17 ).
One of the ways of calculating this angle makes use of the fact that the line going through the centers of two tangent circles also goes through the tangent point. So, the center of such a line-of-sight circle is located at the distance ρ from the camera and at the distance () R ρ − from the Earth center (Fig. 17) .
Th is gives us two equations for the center's coordinates: where 1/ ρ and γ are expressed in arc seconds per km and in degrees Kelvin per hundred meters, respectively (Viezee 1999) . The typical values of γ are negative; either the "dry adiabatic lapse rate" of 1 γ =− or the average experimental 0.65 γ =− could be taken (Wa llace and Hobbs 1997). For Figs. 5 and 6 in this paper, the value 0.65 γ =− was used.
As ρ →∞, formulas (11) and (12) reduce to (4), and formulas (9) and (10), to (7).
After the distance L is calculated, the width W is expressed as:
2t an /2 WLβ = Repeating the calculations of (, ) LW for each line on the image results in a set of pairs that represent the function () WW L = displayed in Fig. 5 .
A field validation of the instrumentation and the technique has been carried out using photographs of buoys and a fort on the Bermuda islands during one of the Explorer of the (Fig. 1, location B) . Completed wake outline: horizon-setting line is drawn blue, wake-measurement intervals are red. Explanations for α and β can be found in the text. The white wakemeasurement intervals will be ignored because at least one of the wake boundaries is either not clearly seen (three top lines) or beyond the image (bottom two lines). 
